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The observation by light microscopy of red blood cells (erythrocytes) shaped 
like sickles or scythes in slide  preparations of human whole blood led to the 
first description of a disease known as sickle-cell anemia (1). It has been gen- 
erally accepted for many years that the insolubility of sickle hemoglobin (Hb 
S) in its deoxygenated form (2), a probable result of molecular alignment  (3), 
is responsible for the deformation in cell shape; and since nearly every erythro- 
cyte in blood samples taken from patients with this disease can be made to 
"sickle"  in vitro,  presumably  each  erythrocyte contains  Hb S.  In  the  two 
decades since Pauling (4) demonstrated the electrophoretic abnormality of Hb 
S, sickle-cell anemia has become the prototype of genetic disease identifiable at 
the molecular level. 
Electron microscopy of sectioned erythrocytes has provided further insight 
into the physical state of deoxygenated Hb S in sickled cells. Bessis (5) noted a 
fine network of fibrils oriented preferentially in the long axis of the cells, and 
stated that the thickness of the fibrils seemed to range around 200 A.  Stetson 
(6) demonstrated bundles of parallel rodlike structures, in sickled erythrocytes, 
with transverse dimensions of 150 A, very similar  to the transverse dimension 
of "microtubules" (approximately 170 A) found by Murayama (7)  in deoxy- 
genated solutions of cell-free Hb S. It is assumed that erythrocyte membranes 
conform to the rigid bundles of fibrils:  a sickled cell results. 
The  investigations  described  above were performed  on  sickle-cell  anemia 
erythrocytes,  or  solutions of Hb  S,  treated  in vitro  with  agents  leading  to 
deoxygenation.  The  physical  state  of  hemoglobin  within  sickle-cell  anemia 
erythrocytes in vivo has  remained  unexplored.  Investigations reported here 
were designed to determine if fibrillar structures do in fact exist in erythrocytes 
from the circulating  blood of patients with this disease. 
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Metkods and Materials 
Venous (antecubital fossa) blood was collected from patients with proven sickle-cell anemia 
into syringes wet with heparin (5000 USP units/ml heparin). Special care was taken to ensure 
absence of air from syringe and needle. The blood was immediately injected beneath a layer 
of mineral oil into 9 volumes of 1% glutaraldehyde in 0.067 ~r phosphate buffer pH 7.4. After 
thorough mixing the cell suspension was kept at 4°C for 24 hr; and the cells were then washed 
three times in buffer, resuspended in 1% OsO4 in buffer for 3 hr, and washed again. Dehydra- 
tion and embedding were accomplished in the usual manner (8) except that special precautions 
were taken to prevent the loss of morphologic detail caused by close packing: thus, following 
two cycles of resuspension and centrifugation through Epon,  the cells were carefully resus- 
pended in the smallest amount of Epon before embedding. Sections cut on an LKB III nltrami- 
crotome were collected on uncoated copper grids, stained with a  saturated aqueous solution 
of uranyl acetate at room temperature for 5 rain followed by lead citrate (9) or lead tartrate 
(10),  and examined in a  Siemens Elmiskop IA electron microscope. 
To provide samples of maximally oxygenated and deoxygenated sickle-ceU anemia erythro- 
cytes, aUquots of venous blood were equilibrated with 95% 02- 5% CO2 or 95% N2- 5% CO2 
for  10 min prior to fixation in glutaraldehyde. 
RESULTS 
Figs. 1 a and 1 b show, as points of reference, sickle-cell anemia erythrocytes 
which were  oxygenated and deoxygenated in vitro.  In  all respects  the oxy- 
genated cells  (Fig. 1 a) resembled normal erythrocytes: no internal  structures 
were apparent (except scattered ribosomes and mitochondria in reticulocytes, 
and occasional autophagic vacuoles (11));  the membranes appeared electron- 
opaque  and sharply defined; and no serrations or spiculations of the mem- 
branes  were  present.  The  deoxygenated (sickled)  cells  (Fig.  1  b)  contained 
rodlike  or  filamentous structures  apparently  arranged  in  random  fashion 
throughout the cell section, and always extending into pointed protuberances 
and spiculations of the membrane when these existed. Each individual filament 
had a  transverse dimension of approximately 160 A. The membrane outline 
often was indistinct at the tips of these protuberances, but was sharply defined 
elsewhere. 
Figs.  2-5  show examples of abnormalities noted in erythrocytes fixed im- 
mediately after anaerobic removal from the circulating blood of patients with 
sickle-cell  anemia. Whereas  some erythrocytes appeared  completely normal, 
various forms of linear internal structures were observed  in others,  ranging 
from scattered filaments (Fig. 2 a) to whorls of parallel filaments packing the 
cell (Fig. 2 b). A rough correlation existed between the extent of filament forma- 
tion  and  the  degree  of  cell  deformation.  The  proportion  of  erythrocytes 
containing filaments was  noted  to  vary from patient to patient and within 
individual patients from time to time. Each filamentous structure had a  trans- 
verse dimension similar to that of the filaments found in erythrocytes sickled in 
nitrogen (Fig. 1 b); i.e., approximately 160 A. 
A significant number of cells in all preparations were readily distinguishable 
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opacity, most pronounced at  the periphery of the cell;  (b)  wavy or serrated 
membranes; and  (c)  a  sharply attenuated,  double-pointed configuration.  Ex- 
amples are marked by arrows in Fig. 3. When these particular  erythrocytes 
contained filaments,  a characteristic regularity was observed: a central bundle 
lay in the long axis of the cells at their centers, while other filaments appeared 
to circle the periphery at an angle to the central bundle (Figs. 4 a and 4 b). An 
example without  a  filamentous internal  structure  is shown in Fig.  5.  These 
morphologically atypical  cells  constituted  from  5  to  50%  of  all  circulating 
erythrocytes, and  the proportion was relatively constant in any one patient 
from time to time. 
DISCUSSION 
Murayama (7) has presented evidence that sickling in vitro, using nitrogen 
or metabisulfite to deoxygenate Hb S, involves the formation of filaments of 
linearly stacked Hb S molecules,  each filament possibly consisting  of several 
entwined monofilaments.  The present experiments demonstrate that filamen- 
tous structures, dimensionally similar  to those found by Bessis (5), Stetson (6), 
and Murayama (7), also exist in vivo in certain of the deformed erythrocytes of 
patients with sickle-cell anemia.  For this successful  inferential demonstration 
of in vivo filament formation,  it was mandatory that  transfer  of blood from 
patient to fixative be performed anaerobically. Upon exposure to atmospheric 
oxygen, sickled erythrocytes capable of regaining  the normal discoid form do so 
instantaneously,  presumably  because of  the  rapid  rate  of  oxygen  transport 
across the cell membrane. 
Use of the term "crystalline," in its strictest  sense, to describe the fibrillar 
structure of hemoglobin in all sickled  cells may not be justified: in some cells 
the filaments are randomly arranged (Figs.  1 b and 2a)  and not gathered into 
bundles. In other cells, however, the filaments appear in regular order,  parallel 
to each other (Figs. 4 a and 4 b, and reference 6), and satisfy the definition  of a 
paracrystalline  structure  (12).  Regardless of terminology,  the biologic  signifi- 
cance of thesefibrillar structures is that they exist in vivo and that they produce 
severe disease in man. 
The observations reported here also suggest that the presence of hemoglobin 
filaments within erythrocytes is a sufficient  but not necessary condition for a 
"sickled"  appearance.  Numerous  deformed erythrocytes,  exemplified  by the 
section in Fig.  5,  contained  no visible fine  structure:  these cells  are  readily 
identifiable  by their increased electron opacity and indistinct membranes with 
serrated margins.  Their appearance on electron microscopy is identical to that 
of the permanently deformed erythrocytes which can be collected at concen- 
trations exceeding 95 % in the layer of greatest density during ultracentrifuga- 
tion (45,000 g) of oxygenated whole blood from patients with sickle-cell anemia.  1 
These  are,  by definition,  "irreversibly  sickled cells"  (13)  since  they do not 
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revert to the normal discoid shape after exposure to oxygen; but it is apparent 
from  Fig.  5  that  they  are more  correctly  described  as  cells with  irreversibly 
deformed membranes.  Erythrocytes  in  our  studies  were not  oxygenated,  but 
were fixed immediately: hence some of the irreversibly deformed cells contained 
filaments of, presumably, deoxygenated Hb S (Figs. 4 a  and 4 b). 
SD-MwcARY 
Venous blood removed aaacrobicaUy  from patients with sickle-cell  anemia 
was transferred immediately into fixative,  thus precluding significant  loss  or 
gain of oxygen by the cells.  Electron microscopy demonstrated an intraerythro- 
cytic  fibriUar  fine  structure  similar  to that described in  prior  studies  on erythro- 
cytes sickled by deoxygenation  in vitro. Observations  reported here lead to 
these condusions: (a) explanations of the sickling  process derived from in vitro 
experimentation may with validity  be applied to sickling  in vivo; and (b) the 
term "sicklcd"  must be used with caution: a sickle-shaped  membrane does not 
necessarily enclose Hb S in filamentous form. 
The authors  are  grateful  to Dr. Chandler A. Stetson,  Jr.,  Dr. Barbara W. Low, and Dr. 
Daniel  N. Beshers  for  helpful  discussions,  and to  Dr.  Michael  H. Ross  for  a  critical  reading  of 
the manuscript.  Miss  Rosaane Rabinowitz  supplied  valuable  technical  assistance. 
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EXPLANATION OF PLATES 
PLA~  77 
FIG.  1 a  and  1 b.  Oxygenated  (Fig.  1 a)  and  deoxygenated  (Fig.  1 b)  sickle-cell 
anemia  erythrocytes.  No  internal  structure  is  visible  within  the  oxygenated  cell, 
whereas the deoxygenated cell contains randomly arranged filaments. Glutaraldehyde, 
Os04. Fig.  1 a,  X  14,000;  and  Fig.  1 b,  X  17,500. THE JOURNAL  OF EXPERIMENTAL  MEDICINE  VOL.  127  PLATE  77 
(D6bler and Bertles: Sickle-cell  anemia erythrocytes) PLATE 78 
Fig. 2 a and 2 b. Examples of erythrocytes fixed immediately after anaerobic removal 
from sickle-cell  anemia patients.  Some cells  contain  scattered  filaments  (Fig.  2  a), 
while  in  others  the filaments  show an  ordered  pattern  (Fig.  2  b).  Glutaraldehyde, 
OsO4. Fig. 2 a,  X  33,500;  and Fig. 2 b,  ×  27,500. 
Fig. 3 Survey picture showing (arrows)  several characteristically electron-opaque, 
attenuated erythrocytes ("irreversibly sickled cells:" see Discussion). Glutaraldehyde, 
OsO4.  ×  15,400. THE JOURNAL  OF EXPERIMENTAL  MEDICINE  VOL.  127  PLATE  78 
(D6bler and Berries: Sickle-cell anemia erythrocytes) PLAT~ 79 
FIG. 4 a  and 4  b. Longitudinal section of an irreversibly sickled cell, showing the 
central bundle of parallel filaments (Fig. 4 a); and cross-section (Fig. 4 b).  Glutaral- 
dehyde, OsO4. Fig. 4 a,  X  26,800;  and Fig. 4 b,  X  57,600. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  127  PLATE 79 
(D6bler and Bertles: Sickle-cell  anemia erythrocytes) PLATE 80 
FIO. 5 An irreversibly  sickled cell without visible internal structure. Glutaraldehyde, 
OsO4.  ×  36,000. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL. 127  PLATE  80 
(D6bler and Bertles: Sickle-cell anemia erythrocytes) 